Permanent magnet synchronous motors (PMSMs) have been used in high-performance applications owing to their high efficiency and high power density. In particular, an integrated system of a PMSM and power electronics equipment is attractive for high power density applications because the integrated system is lighter and smaller than the conventional separated system.
Introduction
Recently, permanent magnet synchronous motors (PMSMs) have been widely used in high performance applications because of their high efficiency and high power density. An integrated system of a PMSM and power electronics has been specially developed because both the electric machine and power electronics systems require weight and size reduction (1) - (3) . The integrated system is expected to offer additional advantages such as increase of power density, elimination of interconnections and etc. compared with the conventional system. From these backgrounds, it is evident that the integration of the machine and power electronics will become increasingly popular in the coming years. The integrated system is realized by only adding the inverter to the machine. It is just important to realize the additional advantages by integrating the inverter to the machine especially for applications such as electric vehicles and machine tools. These applications require the motor to have a wide speed range and high efficiency operation. However, it is difficult to expand the operating area because the maximum speed is limited by the back-EMF due to the magnet and the DC bus voltage.
The PMSM uses a flux weakening control at the high speed area in order to expand the operating range (4) . The control is especially effective in an interior type PMSM (IPMSM) since the motor also outputs the reluctance torque. The maximum speed, however, depends on the current rating of the inverter, the magnetic flux large and inductance in this control. The flux weakening current makes the efficiency worth even in the IPMSM at the high speed region and current also introduces the eddy current into the magnet, it also causes lower efficiency.
In recent years, some variable characteristic motors have been researched as another idea to expand the operating range (5) (6) . The concept of a memory motor has been presented and it uses a special magnet which can magnetize or demagnetize optionally (5) . The magnetization or the demagnetization can realize the variable characteristics of the motor even during the drive. The inverter rating, however, has to be cared for since the motor needs generous armature current for the magnetization or the demagnetization. The electronic winding change method was investigated (6) . The method can expand the operating area owing to the back-EMF is reduced by changing the number of turn at high speed region. The method, however, falls off the output torque in the high speed region and utilization ratio of the armature windings becomes low. These methods can change their characteristics with each demand in the high torque region and in the high speed region. However an increasing amount of power electronics component is difficult to avoid realizing such a variable characteristic.
To overcome these problems, this paper proposes the concept of an new integrated machine called the MATRIX c 2013 The Institute of Electrical Engineers of Japan. Figure 1 shows its illustration. This motor consists of not only an integrated system but also consist of the multi-layer winding and additional switches. These winding connections of the MATRIX motor can arbitrarily change by order of a matrix. Using this winding reconfiguration can achieve variable parameters, for example, the variable turn number, the winding factor and connection of series and parallel arrangements. The variable parameters can change the motor characteristics, for example, the maximum output torque, the base speed and the operating region.
This paper describes a prototype model as an example of the MATRIX motor and reveals its characteristic. A basic principle of the MATRIX motor is firstly described by using the vector synthesis of linkage flux in Sect. 2. The section compares the geometrical relationships of the windings and shows the design condition where the proposed winding connection has more advantage. Secondly, Sect. 3 introduces the prototype model which has two types of winding connections. The prototype model is 2-pole, 6-slot and 6 layer windings which are the minimum condition of the number of switches. Section 4 reveals the basic characteristics of the prototype model verified by the simulation and experiments. Finally, an online winding reconfigurations method is presented in Sect. 5. The method can compensate the sudden drop in the output torque by changing the reference current.
Basic Principle of MATRIX Motor

Variable Characteristics
In general, the characteristics of the PMSM can be obtained by the following torque equation and voltage differential equation in the rotational reference frame (d-q axes frame) by assuming that the magnet flux is aligned only to the d-axis.
Where T e , P, Ψ d , L, i, v, R, p and ω indicate the electrical torque, the pole pair, the magnet flux linkage on d-axis of no-load condition, the inductance, the phase current component, the phase voltage component, the winding resistance, the derivative operation and electrical angular velocity of the rotor respectively. Subscription d and q expresses d-axis and q-axis components. Ψ d can be calculated by (3) .
Where k w , N and φ d are the winding factor, the turn number and the magnet flux linkage per turn of the full pitch winding on d-axis under the no-load condition respectively. The maximum output torque is decided by substituting the maximum current with the optimized phase angle to (1) . The possible operating speed region is decided by (2) because the maximum operating speed is limited in the region that the back-EMF is lower than the DC bus voltage. In these equations, the parameters are constants and are generally decided by the motor design. The proposed motor, however, can change parameters such as k w , N, R, L d and L q because the motor has multilayer windings and many switches between the windings. Therefore, the motor can obtain variable maximum output torque and variable maximum speed range by creating a lot of winding configurations.
Command of Matrix
This section describes a relationship between the winding connection and command of a matrix in order to achieve the arbitrary winding connection since the winding connection statement of the MATRIX motor is indicated by a matrix. Figure 2 shows a diagram of two teeth which have multi-layer windings and numbers of switches. The switches are turned on or off by the command of a connection matrix which indicates a winding connection statement (7) . The connection matrix X is defined as follow, 
Using large size of the connection matrix can indicate all connections of the multi-layer windings. Therefore, the MA-TRIX motor is consisted of the assembly of the teeth, the switches and the reference of the connection matrix.
Change the Winding Factor
One of the remarkable things about the MATRIX motor is the ability to change the winding factor since the motor can configure the arbitrary winding connection of the multi-layer concentrated winding. This section explains a realization method to change the winding factor. The flux linkage vector under the no-load condition is defined at some instant, assuming that the flux density in the air gap is distributed as the sinusoidal waveform. The amplitude of the flux linkage vector which is indicated as the component in the center of each winding can be expressed as follow (8) (9) Where φ, B gm , r g , l s , k s , θ e , k and τ c are the amplitude of the flux linkage vector per winding, the peak of the flux density in the air gap, the stator inner radius, the stack length, the short pitch winding factor, the electric angle, the number of the winding and winding pitch respectively. The equation takes into account only magneto motive force by the permanent magnet. The general layout of the distributed winding, the concentrated winding and their flux linkage vectors are illustrated in Fig. 3 . These figures are assumed when the motor has 4-poles and 16-slots. The conventional distributed winding wounds across some teeth and linkage flux vector points the center of the winding ( Fig. 3(a) ). The flux linkage vector of the winding A which is distributed winding is defined as φ A and its amplitude is calculated as follow by using (6)
On the other hand, the conventional concentrated winding is wound on one tooth and the flux linkage vector points the center of winding ( Fig. 3(b) ). In the same way, the flux linkage vectors of winding 1, winding 2, winding 3 and winding 4 are defined as φ 1 , φ 2 , φ 3 and φ 4 respectively. If these four windings are connected in series, the amplitude of the composition vector (φ 1 + φ 2 + φ 3 + φ 4 ) can be expressed as follow by using (6) .
Comparing (7) with (9), the composition vector amplitude of φ 1 + φ 2 + φ 3 + φ 4 is equal to the it of φ A and it is possible to imitate the flux linkage of the distributed winding with the concentrated winding. Therefore, these results show that the winding factor can be changed by the arbitrary winding connection. Considering the leakage flux in the slot, however, the flux linkage of the quasi distributed winding is a little decreased from that of the conventional distributed winding. The excitation waveforms are also similar between the conventional distributed winding and quasi distributed winding.
Winding Length of Quasi Distributed Windings
The proposed quasi distributed winding only the both side edge winding of series connected windings are effective since the current direction of the windings in same slot is opposite each other. This section compares the geometrical relationships of the windings and shows the design condition which the quasi distributed winding has an advantage against to the Fig. 4 . Winding modeling of the distributed winding distributed winding. Firstly, the winding is assumed to be divided into three parts as illustrated in Fig. 4 . The winding length per turn l winding is calculated as the followings (10) 
Where w s , k ov , y q , D and S are the width of teeth, the coefficient (k ov = 1.8 is assumed in the following), the winding pitch, the inner yoke diameter, and number of slots, respectively. By using these equations, we compare the winding length of the conventional distributed winding l conv. with one of the quasi distributed winding l quas. and equations are shown in the followings
This paper defines the copper ratio K which is the division of each winding length and equation is indicated in (16).
As shown in equation (16), the total winding length of the quasi distributed winding is shorter than one of the conventional distributed winding length when the ratio becomes more than one. It is revealed that the ratio becomes more than one if the motor has large-diameter, short axial length, short teeth width and low-number of slot. Therefore, the MATRIX motor needs to be designed by considering above conditions.
Online Winding Reconfiguration Method
The proposed motor has a difficulty to change the winding connection under the drive. The winding switchover is very risky attempt because turn on or off the switches while conducting current results to the surge voltage following the switching devices destruction. To solve the problem, various methods have been proposed, for example, additional snubber circuit (6) . This method, however, is impractical for the MATRIX motor because the motor has a lot of switches and complex switchover scheme. As another idea, an asymmetric winding reconfiguration method which can change the winding connection phase by phase is proposed (11) . The method, however, generates the sudden drop of the output torque because the winding is isolated from the inverter during the winding reconfiguration. In this section, an online winding reconfiguration method which can circumvent the sudden torque drop is proposed.
First, the method utilizes zero cross point of the current. The zero current switch technique expects to suppress the surge voltage. The second is connecting the switches without any current flow interruption. The current continuously flows by changing the winding connection step by step. Furthermore, reference current changes to compensate the torque drop because the turn number and winding factor are changed in each phase. A changed flux linkage between the winding reconfigurations is calculated by the number of turn and winding factor. The equations of the flux linkage of U phase in no-load condition are given as the followings
Where
Prototype Model
Motor Structure
This section describes a prototype motor model for principle verification. The prototype model can change over the two types of winding connections which are the conventional concentrated winding and quasi distributed winding. In this paper, the connection of the distributed winding excitation by the multi-layer concentrated winding is called the Distributed Winding Connection, DWC, and connection of the concentrated winding excitation by the multi-layer concentrated winding is called the Concentrated Winding Connection, CWC. The design topologies of the prototype model are followings
• The DWC imitates the full pitch winding.
• Both the CWC and DWC are driven by three phase.
• The prototype model has the minimum switch number. In order to realize the above topology, the relationship between the number of switch N s and slot-pole combinations are calculated as the following and are shown in Fig. 5 .
Where, P = 1, 2, 3, . . . , S = 6, 12, 18, . .
. · · · · · · · · (19)
N s is the number of switches and minimum value can be obtained under the condition where 2P = 2 and S = 6. It is necessary that the prototype model has the six-layer winding (see Fig. 6 ). The specifications of the model are given in Table 1. The difference of the winding resistance in each layer is caused by the constructing problem because each winding was wound by hand.
Winding Structure
A connection diagram for a single phase of the CWC and DWC are shown in Fig. 7 . The horizontal six windings, A-F, represent the six slots of the prototype model, and vertical three windings represent each winding layer per tooth of the motor. In the CWC, the windings in the same slot are connected. On the other hand, in the DWC, the windings are connected side-by-side phases. Thereby, the turn number of the DWC is one-third of the CWC although the number of winding turn is equal. Also the DWC is composed by connecting the 1st layer in A tooth and the 2nd layer in B tooth and the 3rd layer in C tooth (see Fig. 7 ). This is a method to balance the resistance at each phase since the each resistance in each layer winding is different as shown in Table 1 . The bi-directionally silicon MOS-FETs are used for the connection switches to through AC current.
Calculation of the Winding Length
This section reveals the winding length of the prototype model. By using the motor parameters of the prototype model substituting the items into (16) gives the copper ratio of 1.04. The motor has a lower winding resistance than it of the conventional distributed winding motor because the stack length is 
Basic Characteristics of Prototype Model
No-load Characteristics
This section shows the back-EMF of the principle verification model under a noload condition. Figure 8 shows the experimental result of the measured back-EMF waveform when the windings are changed from the CWC to the DWC under the no-load condition at 500 rpm. The waveform is distorted because the model doesn't consider the winding factor of the CWC. The model has been designed only to verify the proposed method. The winding factor has to be improved. Comparing to the back-EMF waveforms in Fig. 8 , it is apparent that the peak value is reduced and waveform is changed when the winding is changed from the CWC to the DWC. It is verified that the proposed motor can change and reduce the flux linkage. The FFT result of the back-EMF waveform is shown in Fig. 9 . Comparing the CWC with the DWC in Fig. 9 , the fundamental component of the CWC is two-third as large as that of DWC. It is the same tendency with 5th, 7th and 11th harmonics. In the 3rd and 9th harmonics, however, the triple times harmonics of the DWC is found in the CWC. The reason why the CWC has many 3rd and 9th harmonics is the winding factor. Since the DWC can be regarded as the full pitch distributed winding, the winding factor of the DWC is obtained 1 or −1. On the other hand, the fundamental winding factor of the CWC is 0.5. However, the 3rd and the 9th harmonics winding factor become 1 or −1. In this way, each the CWC and DWC has different harmonics component and turn number (see Table 3 ). As a result, the back-EMF waveform (see Fig. 8 ) and harmonic component (see Fig. 9 ) are proportional to the product of the ratio of the harmonic component and that of the winding factor.
Load Characteristics
This section describes some characteristics of the prototype motor in load conditions, for example the current-torque characteristics, the speed-torque characteristics and efficiency characteristics. Figure 10 shows the current-torque characteristics of the calculated and Table 2 . The experimental results are well accorded with the simulation results in the low load conditions. On the other hand, there are some differences between the calculation value and experimental value due to the magnetic saturation in the electric steel sheet. This graph, however, explains that the prototype model can output two kinds of torque characteristics because these connections have two kinds of fundamental winding factor and turn number.
Current-Torque Characteristics
Comparison of Speed-Torque Characteristics and Efficiency Characteristics
In this section, the speed-torque characteristics of the proposed model are discussed. In order to obtain the speed-torque characteristics, the prototype motor is controlled by following. Under the all speed condition, the I d = 0 control is performed. The efficiency was calculated by the experimental results. These results include the conductive loss of the switching devices in the total loss. The efficiency is calculated by dividing the output power by the effective power. In order to measure the Table 3 . Winding factor Fig. 11 . Speed-torque and efficiency characteristics of the CWC. The efficiency is measured by the experiment Fig. 12 . Speed-torque and efficiency characteristics of the DWC. The efficiency is measured by the experiment efficiency, the torque meter TMB304/411 (MAGTROL, 1 Nm full scale) and power meter WT1800 (YOKOGAWA) were used. The conditions of speed-torque characteristics are also given in Table 2 . The calculation and experimental results of the speed-torque characteristics and efficiency characteristic of the CWC and DWC are shown in Figs. 11 and 12 respectively. First, Fig. 11 represents higher output torque than the torque shown in Fig. 12 and the high efficiency points are distributed in middle speed area. The reason is that the CWC can output high torque by less current (see Fig. 10 ). On the other hand, the base speed and high efficiency point of the DWC belong to high speed area in Fig. 12 . The reason is that the DWC has lower back-EMF (see Figs. 8 and 9 ). Each connection can obtain the high efficiency at high speed area because the model has not only copper loss but also the conductive loss increased by the current.
Total Loss Analysis
It is found that the maximum efficiency can be obtained at low torque area in Figs. 11 and 12, because there are two kinds of losses increased with the square of the current such as the copper loss in the windings and conductive loss in the switching devices. This paper should mention the total loss analysis because the proposed motor has many semiconductor switches. Figure 13 shows the loss analysis results which are in the maximum output power point of the CWC and DWC. The output power is obtained by the product of the output torque and motor speed which are measured by the torque meter. The copper loss and conductive loss of the switching devices are estimated by the effective value of the measured a current and each resistance is shown in Table 1 . The iron loss is the subtraction of 
Variable Characteristics
The proposed motor can achieve variable characteristics if the winding reconfiguration method which is discussed below is possible. Figure 14 shows the experimental results of the speed-torque and efficiency characteristics obtained by selecting high efficiency or high torque area the CWC and DWC at high speed. It is found that the expanding high efficiency area is achieved by the optimum winding connection control compared with the only one connection machine. Therefore, the proposed method can achieve variable characteristics motor.
Online Winding Reconfiguration Method of MATRIX Motor
This section describes an online winding reconfiguration method which can change from the CWC to the DWC or the opposite way. As an example of the reconfigures, this section shows the connection flow from the CWC to the DWC. The effectiveness of the proposed reconfiguration method is verified by the simulations and experimental results.
Overview of Winding Reconfigurations
The most important point in the method is to avoid any interruption of the current flow. Thus, the additional switches are connected in order to apply the continuous current. Figure 15 shows the additional switch for the winding reconfiguration at one phase. The switch connects the branch point between the CWC to the DWC. The procedure of the winding reconfiguration from the CWC to the DWC is as followings.
• First step starts from the CWC as the initial connection. Each winding in same slot are connected. • Second step finds a current zero cross point in the switches of the CWC, the switches are turned off and the additional switch is turned on in preparation for the next step.
• In third step, the current flows through only two windings by the additional switch. At this moment, the torque of one phase reduces to one thirds. • Fourth step finds the current zero cross point again in the additional switch, the switch turns off and the switches of the DWC are turned on.
• Finally, the current flows through to the DWC in fifth step. Therefore, the winding of one phase is reconfigured by using two times zero cross points. The total time of the method is the one electric cycle.
The optimal value of the reference current needs to be calculated as described in the above. The reference current is obtained by the reference torque divided by the d-axis flux linkage. The d-axis flux linkage during the winding reconfiguration is calculated by (17) and the d-q transformation. The combination of the d-axis flux linkage and flux linkage in each phase is pre-calculated by using the gate signal in each phase. The block diagram is shown in Fig. 16 .
In the simulations and experiments, the method needs to find the zero current points. Thus the proposed method uses the current sensor in three phases and sets the dead band to identify the zero cross current when the current is in the dead band.
Experiment Results
In this experimental verification, there are two conditions. Condition 1 is a constant current reference in order to confirm the torque drop. In the condition 2, the reference current and current frame are changed in order to keep the output torque constant. Because of the winding construction, the d-q frame of DWC is 60 deg shift from the frame of CWC. The experimental conditions Table 4 . shows the winding reconfigurations order and gate signals of the additional switches. As shown in these graphs, the current frame shifts at about 1.2 second in Fig. 17(a) . The output torque is decreased during the winding reconfiguration and also it is reduced after the reconfiguration to DWC in Fig. 17(c) . In particular, at about 1.4 second, the output torque is much decreased. The reason is the current frame shifts in this step. Then the flux linkage in each phase becomes unbalance in spite of the current is balanced. Therefore, the torque drop of the proposed method needs to compensate by applying large current.
Condition 2 demonstrates the effect of the reference current change. The high DC bus voltage is selected in preparation to the large current. The reference current during the winding reconfiguration is decided by the block diagram, Fig. 16 . Figure 18(a) shows the three phase current waveforms in condition 2. Figure 18(b) is the current waveforms on dq axes which is transformed from the phase current. Figure 18(c) shows the output torque waveform. Figure 18(d) shows the winding reconfigurations order and gate signals of the additional switches. As shown in these graphs, the current frame shifts at about 1.2 second in Fig. 18(a) and q-axis current is changed step by step in Fig. 18(b) . Although the output torque is smaller than the reference torque owing to the saturation in Fig. 18(c) , it is found that the results circumvent the torque drop.
Conclusion
This paper described the principle of the proposed new concept motor which has the multi-layer concentrated winding with the switches between the windings. The results of this study reached the following conclusions.
• It was theoretically verified that the flux linkage of the multi-layer concentrated winding achieved the distributed winding by connecting each phase winding. The proposed motor is the only method to realize the additional advantages such as the integrated system and variable characteristics.
• It was found that the pole pair combination, 2P = 2, S = 6, achieved the minimum number of switch.
• Some simulation and experimental results showed that the proposed motor realized two different speed-torque and efficiency characteristics by reconfiguring the winding connections.
• The ratio of the conductive loss of the switches was about 10% at the maximum output power. It was apparent that the large conductive loss generates in high torque area. Therefore, the development of low on-state resistance power semiconductors, such as silicon carbide and gallium nitride, will help to meet these demands.
• The results of the experiments compensated the torque drop by changing reference current. Although the prototype model is small capacity, the proposed concept can adapt to the medium capacity machine such a 10 kW machine because the machine realization depends on the switching device capacity. A larger machine considering the winding factor results will be reported in the nearly future.
